Transmittance loops upon thermal cycling of VO 2 thin films were found to change among films with different fabrication conditions that lead to different transition temperatures (Tts) from that of a strain-free VO 2 single crystal, 68°C. The residual stresses in the films quantitatively determined from x-ray diffractometry were used to explain this variation. Electron spectroscopy for chemical analysis spectra showed that the difference in the binding energy of core electrons 2p 1/2 and 2p 3/2 of the vanadium atom are affected by residual stress and proportional to Tts of the films. The bond length between vanadium and oxygen atoms at room temperature varies with different residual stresses and, furthermore, affects the movements of both atoms during phase change (and hence the Tt of VO 2 thin films). Residual stresses also affect the hysteresis span of the transmittance loop. The relationship between the residual stress of as-deposited VO 2 films and the relative positions between vanadium and oxygen atoms are also delineated in detail.
I. INTRODUCTION
VO 2 with a rutile structure is a well known thermochromic material with a reported reversible phase transition around 68°C, 1,2 especially for a bulky singlecrystalline one. At high temperatures, its structure is tetragonal; while at low temperatures, its structure is monoclinic. 1, 2 This reversible phase transition exhibits high cycleability because it is associated only with local movement of atoms, consequently leading to great changes in optical and electrical properties. The literature shows a fourth order change in resistivity and a substantial change in transmittance within the IR region during the phase change of single-crystal rutile VO 2 . Reversible changes enable VO 2 devices as electrical or thermochromic switches.
Several approaches to deposit rutile VO 2 films have been reported, such as sputter deposition, [3] [4] [5] evaporation, 6 ,7 pulse laser deposition, 8 and sol-gel coating. [9] [10] [11] [12] With different deposition processes, optical-switching performances of VO 2 films are also different. Here we define the transition temperature (Tt) as the midpoint of the change in transmittance during heating. The Tts of un-doped VO 2 were reported with values scattered among authors by different investigations; and they were 18°C 15 , 51°C, 3 62°C, 13 73°C, 2 and 78°C, 14 respectively. The hysteresis width of each transmittancetemperature curve was also different. Regardless of measurement methods, the variations in the Tts had been suggested to arise from the inhomogeneity and strained structure. 16 Larry A. Ladd and William Paul 17 reported the relationship between external stress and Tt. They claimed that the compressive stress along c-axis of VO 2 single crystal reduces the Tt and the stress exerted along a-or b-axis spans the hysteresis width. A large variation of Tt in epitaxial VO 2 was attributed to the contraction or expansion of c-axis. 15 For a polycrystalline film there are many factors that modify the Tt of VO 2 thin film, such as the structure and residual stress of the thin film. The main factors affecting the final stress states of thin films are intrinsic stress and thermal stress. The intrinsic stress, correlated with the microstructures of films such as morphology, texture, and grain size, usually includes the tensile stress formed during the coalescences of the island structures and the compressive stress arising from defects, vacancies, and impurities. After film processing, the cooling procedure results in thermal stress due to the difference in thermal expansion coefficients of the film and the substrate. The thermal stress th can be derived from Hook's law as
where E f and f are Young's modulus and Poisson's ratio of the film, respectively; ␣ s and ␣ f are the thermal expansion coefficients of substrate and film, respectively; while T r and T s are room temperature and processing temperature, respectively. The microstructure, such as vacancies or inhomogeneity formed during processing, also changes the effective thermal stress exerted on thin films by some mechanisms (such as movement of dislocations) because the distributions of local yield stress or strain in the polycrystalline film are not uniform.
As the thickness of as-deposited film decreases, the effect of residual stress on crystalline structure becomes more significant on the electric, optical, and mechanical performances of the film. During phase change, the relative forces among atoms in VO 2 will affect processes of atomic movements so that initial structure of VO 2 , under the external residual stresses, is an important issue worthy of investigation. Specifically, by adjusting the residual stress and processing conditions, it is possible to modify the optical-switching property of VO 2 without doping impurities. This study focused on quantitatively understanding the relationship between the residual stress and the optical switching properties such as Tt and hysteresis width of polycrystalline VO 2 films prepared by rf-magnetron sputtering. We also tried to correlate the variations in binding energy of core electrons between vanadium and oxygen, elucidated by ESCA analyses, with the residual stress. Furthermore, a structure model is proposed to describe the variations of Tt under different tensile stress values of VO 2 thin films.
II. EXPERIMENTAL
V 2 O 5 targets were prepared by powder compaction and then sintered in air at 650°C for 30 min and cooled down to room temperature in air. Films were deposited by rf-magnetron sputtering with a target of 2-inches in diameter. The distance between the substrate and the target for sputtering was 10 cm. The vacuum chamber was evacuated to 10 −5 Torr and then back-filled with a mixture of Ar and oxygen to a certain total gas pressure. Ar and oxygen were pre-mixed in a small chamber at a positive pressure 0.13 to 0.18 MPa before being led into the vacuum chamber to maintain a sputtering pressure 30 or 40 mTorr. The process pressure was measured using a capacitance manometer (MKS Baratron gauge). The substrate temperature (Ts) and sputtering power were kept at 400°C and 90 w, respectively, under an oxygen flow ratio (R fo ) of 0.08 to 0.04, where R fo ‫ס‬ (fO 2 )/(fO 2 + fAr) and f is the flow rate of the gas in sccm. Well-cleaned Corning 7059 glasses were used as substrates, which were heated by irradiation lamps during sputtering. The temperature was measured in-situ by using a thermocouple. ESCA was used to measure the binding energy of core electrons of V 2p3/2 and O 1s .
X-ray diffraction (XRD) patterns were recorded by a diffractometer (D/max-IIB, Rigaku) in the 2-range 10-50°. Surface morphology, microstructures, and thickness of films were examined by SEM. The thickness of all films was kept at about 90 nm, as shown in Fig. 1 . The light source used to measure the transmittance at different temperatures was a semiconductor laser with a wavelength 1.5 m.
The residual stress was measured by using a fourcircle diffractometer with improved sin 2 method proposed by C.H. Ma et al. 17 As shown in the upper part of Fig. 2 , S1 and S2 are the directions on the sample surface and S3 is the normal to the sample surface. L3, shown in the lower part of Fig. 2 , is the normal of measuring plane (hkl) that has an angle ␣ with respect to the sample surface. Through the measurement, the sample was rotated about the S1 axis for an angle and the incident angle of x ray was kept at ␥ degree. The lattice spacing d ␣ was derived from the position of the diffraction peak for the given reflection (hkl) and the strain (⑀) from the residual stress () can be expressed by the equation:
where d 0 is the initial lattice spacing when ‫ס‬ 0. By using Eq. 2, the residual stress can be derived from the slope of the linear fitting between the fraction change in lattice spacing and the term cos 2 ␣sin 2 , as shown in Fig.  3 . It can be expressed by following equation:
The difference between the traditional sin 2 method and this one is an additional geometrical correction factor cos 2 ␣, which uses the grazing incident angle. The residual stress of VO 2 thin film derived from Eq. (3) was based on the assumption that the Poisson's ratio of the film was 0.25 and the Young's modulus of VO 2 films, measured by MTS Nano Indenter XP system, was 100 GPa in all samples.
III. RESULTS
The grain size is proportional to the energy of particles impinging on the substrate at the same substrates temperature. Lower gas pressures in pre-mixed and main chambers profit this situation due to fewer collisions between gas and sputtered-out particles; thus the energy loss is lowered. This fact is manifested from Table I. On the other hand, fewer collisions between gas and sputtered-out particles also lower the oxygen content of the thin films, so that higher oxygen partial pressure is also required for the fabrication of VO 2 thin film under lower gas pressures. 11, 12, 18, 19 to exclude the energy shifting of each apparatus. The relative positions between certain vanadium and oxygen atoms at room temperature affect not only energy levels of the core electrons but also the threshold energy required to move atoms to the equilibrium positions after phase transition. As residual stress increases in the film with smaller grain size, smaller energy differences between measured and typical value imply (for those atoms) the higher similarity of relative positions in measured film respective to typical VO 2 structure. Furthermore, the Tt is also closer to typical value. On the contrary, the residual stress relaxes as grain size grows larger, indicating that the structure of each film is much closer to typical VO 2 so that its energy difference is also closer to the published values. As shown in Fig. 4 , as the average grain size becomes larger, the residual stress increases at first. However, when the grain size increases further, the residual stress starts to decay.
As shown in Fig. 5 , Tts increases with increasing residual stress from samples A to E. On the other hand, a larger hysteresis width is also accompanied with larger residual stress in the film with a grain size less than 115 nm, as shown in Fig. 6 . However, the hysteresis width increases and approaches a constant value as the grain sizes increases, as shown in Fig. 7 . Because all the measured Tts of these samples are lower than the typical value around 68°C, contraction of c-axis in all samples is the main reason. The degree of contraction is quite different from sample to sample. This result implies that the residual stress tends to contract c-axis and to distort a-or b-axis. The relationship between the residual stress and the structure is delineated in detail later.
IV. DISCUSSION
Theoretically, the residual stress of sputter-deposited thin films contains intrinsic and external stress. The intrinsic stress is associated with the deposition process and microstructure, while the source of external residual stress is the interaction between the film and the substrate during cooling. To understand how the final measured residual stress is formed, we have to separate stress formation into two steps. The first step includes the formation of film microstructure during different processing conditions. In the second step, during cooling, the microstructures of the films affect the modification caused by interaction between the film and substrate. The grain boundary relaxation model is most often used to explain the formation of intrinsic tensile stress in polycrystalline films in the early stage of film formation. 20, 21 During the first step, film grows from isolated randomly oriented grains. As grains grow intact, the boundaries thus formed will relax the inter-atomic forces exerted across the intersections between neighboring grains toward each other. But the forces are constrained by the adhesion of the substrate and then converted into volume strain energy. With further grain growth, the strain energy is reduced by the rearrangement of atoms and the elimination of grain boundaries. The relationship between the intrinsic stress and grain size can be expressed by:
where ␦ is the interaction potential across the grain and is the final grain size of the film. This equation shows that the tensile stress decreases with increasing grain sizes. However, the residual stress is found to decrease with the decrease of average grain sizes in some of our samples. The first reason of the opposite trend is poor crystalline structure in films of smaller grains. During processing at the same substrate temperature, smaller grain size means that low mobility of adatoms and nucleation dominates the early stage of film formation. Furthermore, strained and porous microstructures form easily. Experimental results of Martinez et al. 22 (who had investigated the effect of oxygen on stress in metallic films) showed that more oxygen in the metal and oxide of Cr (whose atomic size is close to vanadium) would induce more compressive stress superimposed on tensile stress and thus result in lower total tensile stress (even leading to compressive stress). Further internal oxidation through porous structure occurs in VO 2 films causing not only more compressive force but also locally inhomogeneous distribution of oxygen. On the other hand, the stress usually distributes inhomogeneously in polycrystalline films. At some portions, stress sustains (and it may be higher than) its local yield stress; while at other portions, it is lower than the yield stress. The film of smaller grain size usually has high possibility of poor crystallinity and more portions with stress that is larger than yield stress. In this circumstance, relaxation processes (such as movements of dislocations) occur more actively and residual stress becomes lower.
During the cooling of samples (the second step of stress formation), thermal stress arisen from film/ substrate interaction causes movement of dislocations and adjustments of the residual stress. From the dislocation theory, grain boundaries that act as obstacles of dislocations, slip and lead to the pile-ups of dislocations behind grain boundaries. The number of dislocations in these pile-ups increases with grain size and applied stress. Furthermore, these pile-ups should produce stress concentration in the grains next to those containing pileup. In larger grains, the stress multiplication in the next grain should be much larger; so that, beside intrinsic stress, a sample with larger grain sizes also has larger residual stress caused by external force. With superimposed intrinsic tensile stress and thermal stress from film/ substrate interface, the film of smaller grain has smaller residual tensile stress.
The grain sizes of samples E, F, and G are almost the same, so the decrease of residual stress is caused by further crystallization during processing. In other words, samples F and G should have better crystallinity, so that the residual tensile stress is lower. Different crystallinity and residual stress also result in different opticalswitching performance of VO 2 film.
The structure of VO 2 is monoclinic structure below Tt, while tetragonal rutile structure above Tt [as shown in Figs. 8(a) and 8(b) ]. Central vanadium and six surrounding oxygen atoms form an octahedron structure at high temperature and a distorted octahedron structure at low temperature [as shown in Figs. 8(c) and 8(d) ]. The former structure results in an insulator state of VO 2 ; and the later one, a metallic state. The distances, d vo s, between central vanadium and surrounding oxygen atoms in distorted octahedron structure at insulator state before phase change a r e 0 . 1 7 6 , 0 . 1 8 6 , 0 . 1 8 7 , 0 . 2 0 1 , 0 . 2 0 3 , a n d 0.205 nm, respectively, along different crystal axis. Yet, in the octahedron structure after phase change, it becomes 0.194 nm. The position adjustments of these seven atoms, especially contractions and expansions of bonds between vanadium and oxygen, are the primary structure changes during phase change, indicating that d vo s at low temperature dominate the Tt of VO 2 . The stress exerted along c-axis influences Tt more than that along a-or b-axis. 17 As reported by Goodenough 1 and Lu et al., 2 the angle between c-and a-axes is 123°. As shown in Fig.  8(a) , c-axis, compared with a-and b-axes, is nearly parallel to z-axis that is the diagonal of distorted octahedron structure, also implying that this stress along c-axis mainly modifies the d vo s more than that along other axes. Besides, some d vo s are elongated and some are reduced during phase change; implying that, under the conservation of lattice volume, diagonal stress of distorted octahedral structure reduces the differences of d vo s before and after phase change. If each d vo at low temperature is closer to that after phase transition, the threshold energy of phase change should become lower and Tt should be lower, too. The stress along the a-or b-axis may primarily adjust the relative position of these atoms, implying a higher driving force is required to move the atoms to an equilibrium state during cooling. Besides, during phase change, another intrinsic stress should form to overcome the barrier caused by the residual stress. Because atoms move only locally during phase change, the implication is that it is impossible to release residual stress simply by phase change. If the residual stress is large, this intrinsic stress, originated from thermal movement, should be large, to overcome the barrier of phase change. During cooling, a large Tt delay of phase change is also required to make the thin film return to the state of originally large residual stress. Therefore, a large hysteresis width forms under large residual stress. From the -2 scan of XRD, as shown in Fig. 9(a) , the only peak at around 28°shows that the prepared films have preferred orientation [011] , implying that plane (011) and a-axis are both parallel to the substrate surface. On the other hand, the b-and c-axis are nearly vertical to the film surface, as shown in Fig. 9(b) . The bond length along a-axis is elongated by the residual stress, which is parallel to the film surface; on the contrary, bond lengths along b-and c-axes simultaneously contract for the conservation of total lattice volume, as shown in Fig. 9(c) . The residual tensile stress, lying on the surface, directly results in the extension of bond length along a-axis and has larger effect to span the hysteresis. Therefore, the large hysteresis width forms especially in samples with larger grains, although the compression of bond length in c-axis is small. As shown in Fig. 7 , the hysteresis width seems to reach a constant value as grain size increases. Although the residual stress seems to decrease in samples F and G, which show better crystallinity, the maintenance of hysteresis width implies a distortion limitation of a-axis. It is manifest that if the tensile stress is higher than a certain value in those thin films with larger grain size, the distortion along a-axis is restricted so that the hysteresis width is limited too. But with better crystallinity, the less residual stress properly causes less distortion along c-axis. Furthermore, the Tt becomes closer to the typical value in the films without residual stress. For films with smaller grain sizes, even though the residual stress inside is small, the intrinsic porous structure and internal oxidation contract bond lengths along b-and c-axes more than those in samples with larger grains, better crystalline structures, and less vertical compressive forces.
V. CONCLUSIONS
The relationship between as-deposited residual stress and transition temperatures (Tt) of VO 2 thin films was studied. The residual stress was quantitatively measured by x-ray diffractometry. The decrease in Tt of polycrystalline VO 2 films with (011) preferred orientation has been demonstrated to arise from the residual tensile stress that causes a contraction along c-axis of VO 2 . It is also found that crystallinity of VO 2 films influences the residual stress under as-deposited state; and hence the Tt and hysteresis width. ESCA analysis on films with larger residual stress and poor crystallinity shows that the binding energy of core electrons becomes closer to the typical value of VO 2 . This situation may arise from the relative positions of vanadium and oxygen atoms. From the theory of grain boundary formation, a secondary stress source arises most probably from the interactions between thermal stress and microstructure, which in turn is influenced by the inhomogeneity of VO 2 films. The secondary stress source is imposed to reduce residual tensile stress in the sample of smaller grain size. On the other hand, the inhomogeneity may also lead to further contraction of c-axis in the film with lower tensile stress, because the decrease of Tt has also been found. The tensile stress, parallel to the surface of the films, causes the expansion of a-axis in films with [011] preferred orientation yet poor crystalline. Thus the width of transmittance loop was spanned. But for the films with better crystallinity, Tts are closer to the typical value as a result of lower distortion along c-axis under lower tensile stress. As the residual stress is higher than a critical value in the film with better crystallinity, the distortion along a-axis is constrained and the hysteresis width reaches a constant value. Further study is required to resolve the actual distorted structure of as-deposited VO 2 film and to identify the correlation between the phase-change behavior and relative positions of atoms at room temperature by high-resolution TEM analyses.
